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The interaction of a zero pressure gradient turbulent boundary layer flow with a rough permeable
surface has been investigated experimentally. The flow interaction characteristics have been exam-
ined using a long flat plate equipped with several surface pressure transducers and pressure taps.
Three types of porous materials with different porosities and permeability constants were used in
these investigations. To reveal the behavior of turbulent flows over porous surfaces, measurements
were performed for the boundary layer growth, energy content of the turbulent structure within the
boundary layer, and surface pressure fluctuations, before, over, and after the porous test-section. The
interaction of the flow with the porous substrate was found to significantly alter the energy cascade
within the boundary layer. Results have also shown that the boundary layer interaction with the rough
porous surfaces leads to an increase in the pressure fluctuations exerted on the wall, particularly
at low frequencies. The near-field investigations have shown that the penetration of the boundary
layer flow into the porous medium can generate an internal hydrodynamic field within the porous
medium. This, in turn, reduces the frequency-energy content of the large boundary layer coherent
structures and their spanwise correlation length. This study paves the way for further investiga-
tion into the interaction of the porous media with different flow fields and development of tailored
porous treatments for improving the aerodynamic and aeroacoustic performance of different aero- and
hydro-components. Published by AIP Publishing. https://doi.org/10.1063/1.5043276
NOMENCLATURE
Cp Pressure coefficient [Cp = (pi − p∞)/(0.5ρU2∞)]
Cf Skin friction coefficient
f Frequency (Hz)
hs Sand height in the porous medium (mm)
L, W Plate streamwise and spanwise lengths (mm)
l Wire length (mm)
Lp, Wp Porous section streamwise and spanwise lengths
(mm)
p′ Fluctuating surface pressure (Pa)
pi Static pressure at the ith location (Pa)
p∞ Free-stream static pressure at the ith location (Pa)
Ra Average roughness (µm)
Re Reynolds number
Rp′ip′j Wall pressure cross-correlation coefficient be-
tween two pressure transducers
Rp′ip′i Wall pressure autocorrelation
U∞ Free stream velocity (m/s)
U Mean velocity (m/s)
Urms Root mean square velocity (m/s)
Uc Convection velocity (m/s)
u′ Streamwise fluctuating velocity (m/s)
uτ Wall friction velocity (m/s)
x, y, z Cartesian coordinates (mm)
a)Electronic mail: ss14494@bristol.ac.uk
b)Electronic mail: m.azarpeyvand@bristol.ac.uk
ρ Fluid density (kg/m3)
ϕ Porosity (%)
κ Permeability (m2)
4p Pressure drop across the porous sample (Pa)
ν Kinematic viscosity of air (m2/s)
νD Darcian velocity (m/s)
τ Time delay (s)
δ Boundary layer thickness (mm)
δ∗ Boundary layer displacement thickness (mm)
θ Boundary layer momentum thickness (mm)
φuu Power spectral density of velocity fluctuations
(dB/Hz)
φpp Power spectral density of pressure fluctuations
(dB/Hz)
γ2p′ip
′
j
Wall pressure coherence between two pressure
transducers
Λp Spanwise coherence length (mm)
Φ Cross-power spectral density function
ξx, ξy, ξz Streamwise, vertical, and spanwise separation
distance (mm)
PPI Pores per inch
PSD Power spectral density
I. INTRODUCTION
The possibility of controlling turbulent flows, reducing the
energy content of flow structures, and suppressing aerodynam-
ically generated noise at the source is of great academic and
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industrial interest. There are numerous studies on the develop-
ment of bespoke passive and active techniques for the control
of unsteady flows and their associated noise generation, such as
serrations,1–3 surface treatments,4 porous treatments,5–7 flow
suction and blowing,8 etc. The use of porous media, in particu-
lar, for the passive or semi-active control of flow-induced noise
and vibrations and thermal purposes has received considerable
academic and industrial attention over the past five decades.
Examples include flow over heat and mass exchangers,9 river
beds,10 bluff bodies,6 airfoils,11 forest canopies12 or the net-
work of urban canyons, transpiration cooling, convection and
heat transfer in composite fluid and porous layers,13 etc. Recent
preliminary experimental and computational research on the
application of porous treatments for different aero-structures,
such as bluff bodies and airfoil trailing-edges, has shown that
the use of porous treatments can suppress the aerodynamic
noise by manipulating the flow through various mechanisms,
such as preventing flow separation, changing the boundary
layer shape, adjusting the pressure field beneath the boundary
layer, and decreasing the wake and vortex shedding effects.
To date, prior research in this area has shown that the care-
ful implementation of porous treatments can lead to flow
stabilization and reduction of the aerodynamically induced
noise.
While much of the literature on this topic focuses on the
universal aspects of the mean flow field and turbulent statistics
over the porous wall, several studies have also been directed
toward understanding the influence of permeability on fluid
flows. Suga14 carried out several experiments on the effects
of a flow-permeable wall with a varying permeability value,
but with similar porosity (ϕ ≈ 0.8) using the Particle Image
Velocimetry (PIV). The experiments were conducted at low
Reynolds numbers (Re 6 10 200), and it was shown that the
transition to turbulence occurs at a lower Reynolds number
over the porous surface, with the increase in the permeabil-
ity. The near-field wall velocity fluctuations were found to be
higher with increasing permeability in the flow-vertical direc-
tion, which leads to higher shear stress at the porous surface.
Recently, Manes et al.15 showed that the flow resistance and
the shear penetration on permeable walls increase with increas-
ing the permeability (κ)-based Reynold’s number Reκ , where
the penetration depth is defined as the inner length scales of
the turbulent flows. It was observed that the rms of the stream-
wise velocity decreases at the near-wall region with increasing
permeability and increases the energy content of the vertical
velocity fluctuations and, correspondingly, the Reynolds shear
stress. The results also showed that the boundary layer flow
structures on the surfaces with higher permeability are influ-
enced by an unstable mode of turbulent mixing layers which
allows the production of the Kelvin-Helmholtz shear instabili-
ties, while such instability eddies were not seen for the surfaces
with low permeability. The shear instability was observed to
dominate the near-wall flow structures, in the cases where the
shear penetration depth is relatively larger than the bound-
ary layer thickness. Breugem et al.16 have studied the effect
of the flow inside a permeable wall with different porosities
(ϕ = 0.6, 0.8, and 0.95). It was shown that the mean veloc-
ity profile decreases significantly for the porous surface with
higher porosity, and this was accompanied by a strong increase
in the Reynolds shear stress near the porous wall. This results
in an increase in the skin friction coefficient of about 30%,
which is also evident in the experimental study by Kong and
Schetz.17 It was also found that the quasi-streamwise vortices
and high-speed streaks observed near a solid wall have signif-
icantly weakened over the porous surface due to the reduction
in the mean shear and in the wall-blocking effect while enhanc-
ing the turbulent transport across the porous medium. Breugem
et al. also showed that the weakening of the vortices over
the porous surface leads to a reduction in the streamwise rms
velocity peak and an increase in the spanwise and vertical rms
velocity peak, caused by the flow penetration in the porous
medium. It has also been shown that the rms velocity profile
inside the porous medium exhibits an exponential-like tail and
that the turbulence motions established inside the porous are
not responsible for the increase in the Reynolds shear stress
near the porous wall.
In addition to the effects of permeability, the roughness
of the porous surfaces has also been found to be a determining
factor in the behavior of the flow over and past such surfaces.
The mechanisms involved in the interaction of flows with
rough and permeable surfaces, i.e., foams, perforated sheets,
beds of packed spheres, etc., have been experimentally and
numerically investigated in numerous studies.12,14–22 Kong
and Schetz17 studied the effect of small-scale roughness and
porosity through the development of the turbulent boundary
layers over smooth, rough, and porous surfaces. They found
that the porosity of the porous surface can generally shift the
wall logarithmic region downward by∆U+ ≈ 3–4 compared to
the smooth wall, leading to an increase of the skin friction val-
ues by about 30%–40%. It was also shown that the streamwise
and vertical flow turbulence intensities and the Reynolds stress
are increased in the boundary layer region, with a significant
increase closer to the wall region. Jimenez et al.19 studied the
effect of porosity on a passive porous wall and its contribu-
tion in delaying the boundary layer separation. Results have
shown a significant increase in the skin friction of about 40%
at the porous walls, along with the presence of the local flow
separation. This is due to the emergence of the large spanwise
rollers, originating from the Kelvin-Helmholtz instability and
the neutral inviscid shear waves of the mean velocity profile.
Finnigan12 studied the turbulent shear flows generated by a
plant canopy, which resembles, to some extent, the flow over
porous media and a rough-wall boundary layer. The results
showed that the inflected velocity profile at the canopy top,
unlike in a standard boundary layer profile, is exhibited by
an inviscid instability mechanism and consequently generates
more energetic coherent structures than that in the inertial sub-
layer or log-layer at transporting momentum. The influence of
the vegetation density on the canopy sub-layer is later inves-
tigated by Poggi et al.,18 and the results demonstrated that (a)
the flow in the lowest layer within the canopy is dominated by
small-scale von Karman vortices, (b) the flow is superimposed
of a mixing layer and the wall roughness effect in the bound-
ary layer in the middle layer of the canopy region, and (c) the
upper layer of the canopy region can be expressed using the
surface layer similarity theory. The use of micro-cavity array,
as a passive flow control method, has also received much atten-
tion in recent years. The submilimeter micro-perforated panel
085111-3 Showkat Ali et al. Phys. Fluids 30, 085111 (2018)
(MPP) has been used widely as the robust sound absorber in
many applications. It was shown that this device can provide
sufficient acoustic resistance and low acoustic mass reactance,
which is fundamental for a wide-band sound absorber. Maa23
has demonstrated the utilization of the submilimeter MPP to
absorb sound by investigating the relationship between the
perforation radius and the viscous boundary layer thickness.
He found that the perforate constant is proportional to the
ratio of the perforation radius to the viscous boundary layer
thickness inside the holes, which can determine the character-
istic of acoustic impedance and the frequency of the structure
absorbed by the MPP. Silvestri et al.24,25 have showed that the
use of micro-cavity array on a flat-plate, which is an extension
of the work conducted by Maa,23 leads to significant reduc-
tion of the turbulence energy and the sweep intensity in the
turbulent boundary layer. It was also shown that the use of
the micro-cavities surface can dampen the coherent structures
and disrupt the bursting cycle, responsible for the shear stress
and the viscous drag in the inner region of the boundary layer.
Results have also shown that the reduction in the turbulence
intensity is significantly dependent on the volume of the cavity,
where non-linear reduction in the turbulence intensity can be
found with increasing cavity volume. The cavity array orifice
length, on the other hand, was found to have negligible effects
in the sweep intensity attenuation.
As reviewed above, despite a large body of the literature
on the interaction of flow on rough permeable surfaces, there
are only a few studies on the pressure fluctuations for bound-
ary layers over rough26–29 and porous5 surfaces, which are
of great importance for understanding the noise and vibration
generation from such structures. Blake26 studied the pressure
fluctuations for turbulent boundary layers over smooth and
different rough walls. It is claimed that the different rough-
ness parameters, such as the roughness separation and height,
affect the very large-scale structure and small-scale turbulence
structure, respectively. It was also found that the coherence
loss in the pressure eddies for rough walls is higher than that
the smooth walls due to the high turbulence production rate
near the surface. Varano,27 on the other hand, investigated the
rough surface with fetches of hemispherical roughness and
found that the turbulent kinetic energy and shear stress pro-
duction increase downstream of the element due to the delay
in the flow separation over the top of the element. Bai et al.30
studied the application of spanwise altering a roughness strip
with two different roughness heights and showed that the large-
scale counter-rotating roll-modes are observed over the rough
wall, with reduced and increased streamwise velocities occur-
ring over the low- and high-roughness strips, respectively. The
results also indicated that pronounced modifications in the
mean vorticities, swirling strength, and Reynolds stresses can
be observed over the roughness strip. It was also found that
a strong instantaneous turbulence event occurs over the rough
wall, whose underlying mechanisms are still unclear. A recent
effort by Meyers et al.28 presented a comprehensive study on
the wall pressure spectrum of a flat plate with smooth and
rough walls with sparse arrays of different size and distribu-
tion of hemispherical bumps at high Reynolds numbers. The
results showed that the boundary layers of both the rough and
smooth surfaces have similar outer boundary layer scales at
the low frequencies of the wall-pressure spectrum and have a
universal viscous form at the higher frequency range. It was
also confirmed that the friction velocity obtained in the case
of rough-wall boundary layers is always less than the con-
ventional friction velocity found for a smooth-wall boundary
layer and confirmed that the boundary layer parameters and the
wall pressure spectrum are nearly independent of the surface
roughness for the conditions considered in the study. Building
on the work of Meyers, Joseph et al.29 have investigated rough
walls with two fetches of hemispherical roughness elements
with two different spacing ratios. It has been demonstrated that
the pressure spectral shape changes at mid frequencies with
the roughness density, and it was speculated that the spectral
changes are not due to the changes in the turbulence structure
but rather due to the displacement of the pressure fluctuations
over the roughness elements. In a more recent study, Showkat
Ali et al.31 have shown that the use of porous treatments can
lead to a significant reduction in the energy content of the large
low-frequency boundary layer structures. It was also found
that surfaces with high permeability are able to greatly alter
the boundary layer and attenuate vortex shedding frequency.
Moreover, results also showed that the spanwise coherence of
the large coherent structures can be significantly reduced using
high permeable materials.
Despite the promising success of porous materials and
its relevance to the aforementioned applications, the bound-
ary layer flow-porous interaction effects have rather received
little attention. For instance, the majority of the existing exper-
imental studies and numerical methods do not take all the
flow-porous interaction aspects into accounts, such as the
porous-flow viscous interaction, flow-porous roughness effect,
flow penetration, and hydrodynamic absorption in the porous
media, which have, to some extent, remained unclear. To
address some of the limitations described above, detailed
understanding of the underlying mechanisms of flow-porous
control is imperative. To gain a proper understanding of such
mechanisms, it is important to characterize the effects of poros-
ity and permeability, as well as its morphological characteris-
tics of the surface roughness simultaneously. Our main goal
in this paper is to better understand the flow-porous boundary
layer interaction. The interaction of the boundary layer with a
porous surface can bring about changes to the boundary layer
structure and the energy cascade within the boundary layer
and the frequency-energy content of the large coherent struc-
tures within the boundary layer, mainly responsible for the
generation of aerodynamic noise. A flat plate with smooth and
varying porosities and permeabilities porous walls, equipped
with several wall pressure transducers was designed and man-
ufactured to investigate the interaction of fully turbulent flows
with porous surfaces and its effects on the boundary layer
development, surface pressure fluctuations, and, correspond-
ingly, the noise generation. The paper is organized as follows.
The experimental setup and wind-tunnel tests are described
in Sec. II. The effect of the porous surface on the boundary
layer and their energy content will be discussed in Sec. III.
Section IV further discusses the dynamic pressure exerted
on the surface with and without the porous substrates. A
detailed analysis of the flow velocity and pressure correlation
and coherence studies are presented in Sec. V. Section VI
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further elaborates the formation of the internal hydrody-
namic field and its dependency on the flow penetration length.
Finally, Sec. VII concludes and summarizes our finding on the
turbulent boundary layer flow-porous interaction.
II. MEASUREMENT SETUP
The flow experiments have been performed using a flat
plate in the open jet wind tunnel facility of the University of
Bristol; see Fig. 1. The wind tunnel has a test-section diam-
eter of 1 m and working section length of 2 m. The results
were obtained for the flow velocity of 20 m/s with a maximum
incoming flow turbulence intensity of 0.5%. In order to prop-
erly understand the boundary layer interaction with porous
surfaces, numerous measurements have been conducted, such
as the boundary layer growth, surface pressure fluctuations,
velocity-pressure coherence and correlations, and spanwise
length scales. The experimental setup and the measurement
techniques used in this study are explained in Subsections
II A–II D.
A. Flat plate configuration
The flow measurements have been performed using a flat
plate with a streamwise length of L = 1500 mm, spanwise
length of W = 715 mm, and thickness of h = 20 mm. The
general layout of the flat plate test-rig is shown in Fig. 1(a).
In order to prevent flow separation and the strong adverse
pressure gradient, the flat plate was designed with an ellip-
tical leading-edge with a semi-minor and semi-major axis of
10 mm and 27 mm, respectively. The coordinate system (x, y, z)
is placed at the beginning of the porous section, as illustrated in
Fig. 1(a). To realize a zero-pressure gradient turbulent bound-
ary layer on the top side of the plate, particularly near to the
trailing-edge, a 12◦ beveled trailing-edge was employed.32 In
addition, to ensure the zero-pressure gradient condition on the
plate, static pressure measurements along the flat plate, after
the test section region, were conducted using 12 static pressure
ports within x = 160 mm–240 mm at the free-stream velocity
of 20 m/s. The static pressure measurements were performed
using a 32 channel Chell MicroDaq Smart Pressure Scanner.
The scanner is able to measure the pressure difference of up
to 1 psi, with the system accuracy of ±0.05% full-scale. The
static pressure data for the flat plate test rig were acquired for
60 s at the maximum sampling frequency of 500 Hz. The accu-
racy of the pressure measurements carried out for the flat plate
was below 5 Pa. Figure 2 shows that the pressure coefficient
Cp distributions along the flat plate are constant within the
uncertainty levels of 2σ = ±0.97% at 95% confidence level,
indicating the absence of the pressure gradient along the plate.
A 100 mm wide section of 80 grit sand trip, equivalent to the
average roughness of Ra = 1.8 µm, was applied at 120 mm
after the leading-edge, on the top side of the plate, to ensure
a well-developed turbulent flow transition before the porous
section (x = 0). The porous section is placed in a cavity space,
840 mm downstream of the plate leading-edge with a stream-
wise length Lp of 120 mm, width Wp of 560 mm, and depth h of
20 mm. Great care was taken to ensure that the porous insert
does not cause any geometrical step. Figure 1(b) provides a
schematic of the porous insert installation. An 18 mm wide
solid wedge is placed on either sides of the porous insert to
avoid any possible flow separation at the porous-solid interface
(x = 0 and x = 120 mm). In order to avoid air bleeding through
the porous inserts, the bottom part of the porous samples was
covered and sealed using a solid medium density fibre (MDF)
sheet. Four metal foams with the PPI (pores per inch) of 25,
35, 45, and 80 were used for this study.
B. Porous material characterization
Four uncompressed metal foams with PPI (pores per inch)
values of 25, 35, 45, and 80 have been chosen for this study.
FIG. 1. (a) Flat plate experimental
setup and (b) illustration of the porous
substrate installation.
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FIG. 2. Pressure distribution (Cp) in the streamwise direction within
x = 160 mm–240 mm for the flat plate with a fully solid surface at the
free-stream velocity of 20 m/s.
The 3D images of the porous materials used are shown in
Fig. 3(a). The effectiveness of porous treatments as a flow
and noise control technique relies greatly on the porosity (ϕ)
and permeability (κ) of the material.33–36 Given the impor-
tance of these two quantities, especially in the context of flow
and noise control, both parameters have been measured for
the porous samples studied here. The porosity of a porous
medium is a measure of the proportion of the total volume
of the material occupied by pores. The inner structure of the
porous samples was captured using a Nikon XT H 320 LC
computed tomography scanner non-intrusively with great pre-
cision, and the data obtained were then analyzed using the
VGStudio MAX 2.2 software. The porosity, ϕ, can then be
calculated from ϕ = VV /VT , where VV and VT correspond to
the volume of void space and the total volume of the sample,
respectively. The porosity values for porous 25 PPI, 35 PPI,
45 PPI, and 80 PPI are 90.92%, 88.39%, 85.37%, and 74.76%,
respectively.
The permeability (κ) is the property of a porous material
that enables fluids to penetrate through it. The permeability
measurement of each porous material was carried out using
a permeability test rig made of a 2.5 m long square cross
section tube, equipped with several static and total pressure
measurement points. The permeability tests were conducted
on samples of the porous materials with a cross section of
80 × 80 mm and thickness of 10 mm, placed 1.2 m from
the inlet of the long permeability test-rig. The pressure drop
across the sample obtained from the static pressure taps, flush
mounted on either side of the porous sample, were mea-
sured using the MicroDaq Smart Pressure Scanner 32C. The
static pressure data for the permeability measurements were
acquired for 60 s, with a sampling frequency of 500 Hz.
The permeability coefficient κ is calculated using the Dupuit-
Forchheimer equation37 4p/t = µ/κνD + ρCν2D, where 4p is
the pressure drop across the sample, t is the sample thickness,
ρ is the fluid density, C is the inertial loss term, νD is the Dar-
cian velocity, which represents as the volume flow rate divided
by cross sectional area of the sample. The permeability val-
ues for porous 25 PPI, 35 PPI, 45 PPI, and 80 PPI are found
to be 8.2 × 10−8 m2, 4.4 × 10−8 m2, 2.1 × 10−8 m2, and
7.7 × 10−9 m2, respectively.
The morphology of the porous surface, particularly the
surface roughness, is also found to be a crucial factor in char-
acterizing the porous materials. The roughness of the porous
surfaces was measured using a high-resolution non-contact
profilometer Scantron Proscan 2100 analysis tool. All the data
obtained were then visualized and analyzed using the Proform
software module, and the data collected are then reproduced
using the Matlab software. The average roughness parameter,
Ra, can be calculated as the arithmetic mean of the absolute
values of the profile deviations (yi) from the mean line of the
roughness profile as Ra = 1/Ls
Ls∑
i=1
|yi |, where Ls is the num-
ber of data points within the profile evaluation length or the
sampling length and yi is the profile height function or the
variation of the vertical distance from the mean surface line
to the ith data point. The average roughness values for porous
25 PPI, 35 PPI, 45 PPI, and 80 PPI are found to be 1922 µm,
1791 µm, 1761 µm, and 212 µm, respectively. The permeabil-
ity and the roughness of the four porous materials used in this
study based on the measured porosity of the uncompressed
metal samples are shown in Fig. 3(b). Results have shown
that the porous samples with larger permeability and porosity
FIG. 3. (a) Uncompressed metal foams used in this study and (b) permeability and surface roughness as a function of porosity.
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TABLE I. Positions of the pinhole transducers in the streamwise direction
over and after the porous test-section.
Section Transducer number, p Axial locations, x (mm)
Porous/solid
1, 2, 3, 8, 9, 10, 11 30, 33, 60, 63, 90, 93, 110(x = 0 mm–120 mm)
Solid (x > 120 mm)
16, 21, 22, 23, 24, 25, 130, 150, 165, 171, 178, 185,
26, 27, 28, 29, 30, 31, 191, 198, 205, 212, 217, 225,
32, 33, 34, 35, 40, 41 232, 234, 249, 255, 262, 266
are associated with a higher surface roughness. In this paper,
the flow measurement results will only be presented for the
porous materials with 25, 45, and 80 PPI, as the 35 PPI mate-
rial was found to give very similar results to that of the 25 PPI
material.
C. Hot-wire anemometry setup
In order to measure the turbulent properties of the flow,
the boundary layer measurements were carried out using a
single hot-wire Dantec 55P16 probe, with a platinum-plated
tungsten wire of 5 µm diameter and 1.25 mm length, giv-
ing a length-to-diameter (l/d) ratio of 250 with good spatial
resolution and high-frequency response. These correspond to
the viscous length scale (ν/uτ) of 16.25 µm, viscous-scaled
wire length l+ of 64.1, and viscous-scaled wire diameter d+
of 0.25. Ligrani and Bradshaw’s38 criterion for l/d > 200 has
therefore been complied to in the present study, which pro-
vides sufficient sensitivity in measuring the velocity (mean
and fluctuations) with minimal thermal effects. The probe
was operated by a Dantec StreamlinePro frame, and the sig-
nals collected were low-pass filtered with a corner frequency
of 30 kHz and an overheat ratio of 0.8.39 The data have
been acquired using a National Instrument PXle-4499, with
a sampling frequency fs of 216 Hz, and the signals were
recorded for 16 s at each location, which equates to a viscous-
scale sample interval of ∆t+ = 0.62 (∆t+ = ∆tu2τ/ν, where
∆t = 1/fs). This sample interval exceeds the minimum time
scale (t+ & 3) for energetic turbulent fluctuations.40 The bound-
ary layer measurement was repeated three times at a sampling
frequency of 216 for 16 s at each location to ensure repeata-
bility. The sampling parameters chosen were sufficient for the
convergence of the velocity statistics, power spectral density,
coherence, and correlation measurements. The probe was cali-
brated using the Dantec 54H10 type calibrator, before and after
each measurement. The uncertainty of the velocity signals was
calculated using the manufacturer’s method39 and was found
to be within 1%. A two-axis (x-y) The ThorLabs LTS300M
traverse system was used to move the probe in the flow,
covering a 300 mm× 300 mm domain with a typical minimum
positioning accuracy of ±5 µm.
D. Surface pressure measurement setup
The plate was instrumented with 41 miniature pressure
transducers (Knowles FG-23329-P07) for the measurement
of the unsteady boundary layer surface pressure fluctuations.
The transducers are 2.5 mm in diameter, have a circular sens-
ing area of 0.8 mm, and were positioned under a pinhole
mask of 0.4 mm diameter to avoid pressure attenuation at
high frequencies.41 In order to avoid attenuation of the pres-
sure at high frequencies due to sensing area pressure aver-
aging, the pinhole non-dimensional diameter (d+ = duτ /ν)42
should be in the range of 12 < d+ < 18 for frequencies up
to f + = f ν/u2τ = 1. The pinhole mask used for this study
gives a non-dimensionalized diameter of d+ ≈ 18.67, which is
close to the pinhole diameter range suggested by Gravante.42
The surface pressure measurement data obtained give an abso-
lute uncertainty of ±0.5 dB with 99% of confidence level. The
transducers were installed inside the plate parallel to the sur-
face and were distributed over and downstream of the porous
section. The transducers are arranged in the form of L-shaped
arrays in the streamwise and spanwise directions. A total num-
ber of four spanwise locations, each with five transducers,
are used to calculate the spanwise coherence and coherence
length of the boundary layer coherent structures over and
at the downstream locations of the porous surfaces, while
the transducers located in the streamwise direction will be
used to study the changes of the boundary layer structures
as they travel downstream over the porous section and their
associated convection velocity. The surface pressure fluctu-
ation data have been acquired using a National Instrument
PXle-4499, with a sampling frequency of 216 Hz and mea-
surement time of 60 s. The pressure transducer locations in
the streamwise and spanwise directions on the flat plate over
and after the porous test section are detailed in Tables I and II,
respectively.
III. BOUNDARY LAYER FLOW STRUCTURES
While in many applications, such as low drag surfaces,
flow laminarization, etc., it is common to present the boundary
layer results in wall units format, i.e., normalized by quantities
such as y+, u+, uτ , etc., in applications relevant to aerodynamic
noise generation, and we are often interested in the overall
size of the boundary layer. The boundary layer and hydro-
dynamic results in most studies in the areas of aerodynamic
TABLE II. Positions of the pinhole transducers in the spanwise direction over and after the porous test-section.
Section Transducer number, p Axial locations, x (mm) Transverse locations, z (mm)
Porous/solid 3, 4, 5, 6, 7 60
0, 3.2, 11.4, 24.2, 42.6
(x = 0 mm–120 mm) 11, 12, 13, 14, 15 110
Solid (x > 120 mm) 16, 17, 18, 19, 20 13035, 36, 37, 38, 39 255
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FIG. 4. Boundary layer mean and RMS velocity profiles at different streamwise locations over the flat plate. Solid (black solid curve), porous 80 PPI
(red solid curve), porous 45 PPI (pink dotted-dashed curve), and porous 25 PPI (blue short-dashed curve).
noise generation and control are, therefore, presented in terms
of the overall boundary layer thickness quantities, such as
the boundary layer, displacement, or momentum thickness,
particularly when the low frequency aspect of the noise gen-
eration is of concern. However, in order to ensure that the
flat plate test rig developed as part of this study provides
a standard zero pressure gradient boundary layer, the series
of thorough measurements had been carried out prior to the
actual tests using only the solid surfaces. The validation test
matrix included y+ − u+ and the surface pressure fluctuation
φpp. The y+ − u+ results had been compared and validated
against the prior experimental24,43 and DNS44 data and good
agreement was found. The surface pressure fluctuation results
were also checked against the Goody model for a zero pressure
gradient flat plate case45 and good agreement was obtained.
The validation results are not presented for the sake of
brevity.
To better understand the boundary layer flow structures
and the effect of the porous surfaces, the boundary layer
velocity and the energy content of the boundary layer flow
structures are studied in this section. Figure 4 presents the
normalized time-averaged mean and root-mean-square (rms)
boundary layer velocity profiles at various streamwise loca-
tions (BL2–BL7), as shown in Fig. 5.
The boundary layer integral parameters including the
boundary layer thickness (δ), displacement thickness (δ∗),
momentum thickness (θ), and shape factor (H = δ∗/θ) mea-
sured for the flat plate with and without the porous inserts at
U∞ of 20 m/s are tabulated in Table III. The results are only
presented for some selected boundary layer locations for the
sake of brevity. Results show that in the case of less permeable
surfaces (80 PPI and 45 PPI), the boundary layer thickness,
displacement thickness, and momentum thickness increase
compared to the baseline case (solid surface) at each measure-
ment locations. In the case of the highly permeable surface
(25 PPI surface), results show that the boundary layer
displacement thickness and momentum thickness increase
compared to the solid case, however, show a reduction com-
pared to the 80 PPI and 45 PPI surfaces. The boundary
layer thickness for the 25 PPI surface is found to be the
lowest compared to the other cases, which is believed to
be due to the material being very permeable and that the
boundary layer is more able to penetrate and sink into the
porous media, which causes a reduction in the boundary layer
thickness.
FIG. 5. The schematic of the flat plate and the position of the hot-wire for
boundary layer (BLi) measurements.
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TABLE III. Boundary layer thickness (δ), displacement thickness (δ∗), momentum thickness (θ), and shape factor (H) for the flat plate with and without the
porous inserts at U∞ of 20 m/s before the test-section (BL1), over the test-section (BL3 and BL4), and after the test-section (BL5 and BL7).
BL3 BL4 BL5 BL7
BL1 Solid 80 PPI 45 PPI 25 PPI Solid 80 PPI 45 PPI 25 PPI Solid 80 PPI 45 PPI 25 PPI Solid 80 PPI 45 PPI 25 PPI
δ (mm) 25.4 26.9 32.5 35.8 30.7 30.0 30.8 32.5 28.3 31.1 31.7 33.2 29.1 33.9 37.3 36.9 36.1
δ∗ (mm) 3.8 3.8 5.3 5.5 5.0 4.0 5.1 6.0 5.0 4.0 5.7 5.3 5.4 4.0 6.1 6.1 6.2
θ (mm) 2.9 3.0 3.9 3.9 3.7 3.2 3.6 4.3 3.5 3.2 4.0 3.7 3.7 3.2 4.4 4.3 4.4
H 1.3 1.3 1.4 1.4 1.4 1.3 1.4 1.4 1.4 1.3 1.4 1.4 1.4 1.3 1.4 1.4 1.4
The measurements were conducted at the free-stream
velocity of U∞ = 20 m/s, corresponding to the Reynolds num-
ber of ReBL1 = 3.6 × 104. A single wire probe was used, and
the data had been collected with a very fine spatial resolu-
tion between y ≈ 0 mm and 120 mm. The measurements were
taken over the whole test section area (x = 30 mm, 60 mm, and
110 mm) and at the region upstream (x = −2 mm) and down-
stream (x = 130 mm, 205 mm, and 266 mm) of the surface
treatment section to obtain a full picture of the boundary layer
behavior. The y-axis of the boundary layer profiles was nor-
malized by the boundary layer thickness at BL1, x = −2 mm
(before the test section), upstream of the test section area.
This is because, at BL1, the fluid velocity in the x-direction
approaches zero when the fluid is in direct contact with the
solid boundary, bringing about no-slip condition. This will not
be the same in the case of the porous boundary, which involves
the penetration of flow into the porous medium.46 As expected,
the mean velocity profiles at BL1, upstream of the test sec-
tion, are found to be similar for all cases and are therefore
not presented here. For the solid wall, the turbulent boundary
layer growth observed is almost similar in all the measure-
ment locations, while a distinct growth of the boundary layer
profiles is observed in the case of the porous walls, down-
stream of BL1 for all the porous cases, except for the highly
permeable surface (25 PPI material). The different behavior
of the 25 PPI case can also be related to the flow penetration
effects. The difference between the highly permeable surface
(25 PPI) with the other cases will be further discussed in
Secs. IV–VII.
The normalized rms of the fluctuating flow velocity, on
the other hand, clearly shows that the whole energy cascade
of the boundary layer changes significantly as a result of the
flow interaction with the porous surfaces. The rms velocity
results for the solid wall show a lower level of velocity fluctu-
ations compared to that of the porous cases at the near-the-wall
locations and then gradually decrease to the rms velocity of
the free-stream flow away from the surface. By contrast, the
rms velocity results for the porous cases, especially for the
highly permeable materials at BL3 (x/δBL1 = 2.4) and BL4
(x/δBL1 = 4.4) (over the porous section) and at BL5
(x/δBL1 = 5.2), BL6 (x/δBL1 = 8.2), and BL7 (x/δBL1 = 10.6)
(downstream of the porous section), revealed drastically dif-
ferent boundary layer behavior. A significant increase in the
rms velocity magnitude and the emergence of the peak veloc-
ities (y/δBL1 ≈ 0.05–0.5) can be seen in the near the wall
region of the plate, as the flow travels over the porous region
(BL3 and BL4). The peak of the rms velocities, however,
diminishes slowly, and the peaks flatten downstream of the
porous surface (BL6 and BL7), peaking at around y/δBL1 ≈ 0.5.
It can also be seen that the near-the-wall turbulent energy
content increases in the normal direction from the wall and sub-
sequently reduces to the standard boundary layer form (solid
surface) at y/δBL1 > 1. The increase in the energy content of
the velocity fluctuations in the vicinity of the porous surface
had the effect of increasing the flow shear stress, which can
be attributed to the frictional forces due to the rough surface
of the material. This is consistent with the surface roughness
results obtained in Fig. 3(b).
A. Velocity power spectra in the boundary layer
Figure 6 shows the velocity power spectral density (PSD)
as a function of frequency within the boundary layer at
different axial locations over the porous surface at BL3
(x/δBL1 = 2.4) and BL4 (x/δBL1 = 4.4) and after the porous
surface at BL5 (x/δBL1 = 5.2) and BL7 (x/δBL1 = 10.6). In
order to obtain the energy frequency spectra at different bound-
ary layer locations, the Welch power spectral density47 with
a Hamming window function was performed on the time-
domain data for segments of equal length with 50% overlap.
The number of segments is chosen such that it provides us
with a frequency resolution of 32 Hz. The velocity fluctuation
energy power spectrum is taken at (a) a point near the surface
(y/δBL1 = 0.02), (b) at the locations further away from the plate
surface (y/δBL1 = 0.5), and (c) at y/δBL1 = 0.75. Results have
clearly shown that the porous wall causes an increase in the
flow energy content near the surface (y/δBL1 = 0.02) over the
whole frequency range, except at high frequencies, the energy
spectra are very similar to that of the solid wall. The largest
increase in the energy content near the surface can be seen for
the higher permeability surface treatment. This is believed to
be due to the frictional forces acting on the flow due to the
porous surface, which is in agreement with the rms velocity
results shown in Fig. 4. It is also seen that the frictional forces
reduce slowly at the downstream locations and after the porous
surface region. The results also show that the overall energy
content of the larger turbulence structures associated with the
porous surface at about 50% and 75% of the boundary layer
thickness are reduced significantly and match the results of the
solid surface. These reductions in the energy content can be
interpreted as a cascade process that takes place at different
layers of the boundary layer, where the energy due to the fric-
tional forces or any related sources (i.e., internal hydrodynamic
field inside the porous medium) increases at the near-the-wall
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FIG. 6. Power spectra of the velocity within the boundary layer [φuu (dB/Hz)].
locations but then reduces shortly at locations above the
surface (y/δBL1 = 0.5 and 0.75), over, and after the porous
section.
IV. WALL PRESSURE POWER SPECTRA
To gain an insight into the effects of the porous surface on
the boundary layer and surface pressure fluctuations exerted
on the surface due to the boundary layer, a series of unsteady
pressure measurements have been carried out over and after
the porous section. Figure 7 presents the point spectra of the
surface pressure fluctuations φpp( f ), obtained from the trans-
ducers located over the porous section [p3 (x/δBL1 = 2.4) and
p11 (x/δBL1 = 4.4)] and downstream of the porous section
[p16 (x/δBL1 = 5.2) and p41 (x/δBL1 = 10.6)]. The locations
of the transducers are shown in Fig. 1(a). It has been observed
that the use of a porous surface increases the broadband energy
content of the pressure fluctuations over the whole frequency
range over the porous surface (p3 and p11). Also, the emer-
gence of a small broadband hump between f = 100 and 400 Hz
can be seen at the locations over the porous surface (p3 and
p11) and downstream of the porous surface (p16), especially
for the porous samples with high permeability (25 and 45 PPI).
This broadband hump, however, dissipates very quickly at the
further downstream locations, after the test section (p41). The
increase in the broadband energy content and the development
of a broadband hump can be due to either (a) the frictional
forces between the rough porous surface and the flow or (b)
the existence of a localized strong hydrodynamic field inside
the porous medium. This will be further discussed in Sec. IV A.
The results have also shown a reduction of φpp over the high
frequency range, f > 7000 Hz, at the locations downstream
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FIG. 7. Point spectra of pressure fluctuations at different streamwise locations over and after the porous surface. Solid (black solid curve), porous 80 PPI (red
solid curve), porous 45 PPI (pink dotted-dashed curve), porous 25 PPI (blue short-dashed curve), and background noise (black dotted-dashed curve).
FIG. 8. Power spectral density of pressure measured by transducers p11 and p16 with different thickness of porous 45 and 25 PPI filled with sand. Solid surface
(circles), hs/ h = 1.0 (black solid curve), hs/ h = 0.9 (pink solid curve), hs/ h = 0.75 (blue solid curve), hs/ h = 0.5 (red solid curve), hs/ h = 0.5 (green solid curve),
and hs/ h = 0 (violet solid curve).
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of the porous section (p41), i.e., 5.4δBL1 after the porous
section.
A. On the source of the broadband hump
As discussed in Sec. IV, the increase in the velocity energy
content in the near-the-wall region can be attributed to the
frictional forces acting on the porous materials. However, the
emergence of a broadband hump, observed in Fig. 7 between
f ≈ 100 and 400 Hz, can only be seen in the case of highly
permeable samples (25 PPI and 45 PPI) and dissipates quickly
with distance from the plate. In order to examine the effect
of the surface frictional forces and the existence of the inter-
nal hydrodynamic field, the porous section was filled with a
fine grain sand, with a diameter of approximately 0.125 mm–
0.25 mm48 at different heights (hs), as shown in Fig. 8. The
porous surface roughness effect has been investigated by fill-
ing the porous 45 PPI and 25 PPI material with different sand
heights (hs/h), namely, hs/h = 0 (fully permeable), hs/h = 0.25,
hs/h = 0.5, hs/h = 0.75, hs/h = 0.9, and hs/h = 1.0 (fully blocked
but with a rough surface). The surface pressure PSD results
are presented for two locations x/δBL1 = 4.4 (p11) and x/δBL1
= 5.2 (p16), i.e., over the porous surface and downstream of
the porous section, respectively.
Figure 8 shows that the broadband hump at f ≈ 200 only
appears for the porous medium configurations with fully per-
meable (hs/h = 0 sand) and slightly filled up (hs/h = 0.25 and
0.5 sand) cases. Results also show that the broadband hump
disappears gradually with increasing the sand height (hs) in
the porous medium, in which case there is not enough space
available for the development of the internal hydrodynamic
field. The results, therefore, confirm that the broadband hump
observed at f ≈ 200 cannot be due to the surface roughness
effects. Hence, as expected, the emergence of the broadband
hump can only be due to the existence of the hydrodynamic
field and the flow recirculation inside the high permeability
porous inserts.
V. FLOW VELOCITY AND PRESSURE
CORRELATION ANALYSIS
In this section, further investigation on the changes in the
boundary layer turbulent flow structures will be conducted by
studying the coherence and correlation of the boundary layer
velocity and the surface pressure signals over the porous and
solid surfaces.
A. Surface pressure spanwise coherence
and coherence length
In order to understand and decipher information related
to the changes to the flow structures associated with rough-
permeable surfaces, it is of significant importance to analyze
the stochastic characteristics of the turbulent coherent struc-
tures over the porous wall. To understand these effects, the
spanwise coherence of the turbulent structures and their corre-
sponding spanwise coherence length using the pressure trans-
ducers (p3-p7, p11-p15, p16-p20, and p35-p39), distributed
along the span at x/δBL1 = 2.4 (middle of the porous section),
x/δBL1 = 4.4 (end of the porous section), x/δBL1 = 5.2, and
x/δBL1 = 10.2, are studied. The coherence (γ2p′ip′j ) and the span-
wise coherence length (Λp) between the spanwise transducers
are calculated using Eqs. (1) and (2), respectively, as
γ2p′ip
′
j
( f , ξz) =
|Φ( f , p′i , p′j )|2
|Φ( f , p′i , p′i )| |Φ( f , p′j , p′j )|
(1)
and
Λp( f ) =
∫ ∞
0
γp′ip
′
j ( f , ξz)dξz, (2)
where 0 ≤ γ2p′ip′j ≤ 1, Φ( f, p
′
i , p
′
j ) denotes the cross-power
spectral density between two pressure signals, and ξz denotes
the pressure transducers separation distance in the z-direction.
The results are presented only when the pressure signal is at
least 10 dB higher than the background noise.
Figure 9 shows the spanwise coherence (γ2p′ip′j ) as a func-
tion of the frequency ( f ), measured along the span for a wide
range of spanwise spacings 0 < ξz/δBL1 < 1.7 for the solid
(baseline) and porous (80, 45, and 25 PPI) cases. In the case
of the solid surface, as anticipated, a strong coherence can
be seen in the frequency region up to ≈400 Hz between the
pressure signals at all the span locations. The results for the
porous surfaces, on the other hand, clearly show that the porous
treatment has a strong impact on the spanwise coherence of
the flow structures, especially over the test section region. In
the case of the porous 80 PPI surface, the spanwise turbulent
structure decays quickly with ξz over the whole frequency
range at x/δBL1 = 2.4 and x/δBL1 = 4.4. Immediately down-
stream of the test section (x/δBL1 = 5.2 and x/δBL1 = 10.2), the
coherence behavior for the 80 PPI case changes completely,
with the γ2p′ip′j of the flow structures increasing significantly,
almost twice larger than the results obtained at x/δBL1 = 2.4.
By contrast, the 45 PPI and 25 PPI samples exhibit much
lower coherence values compared to that of the solid case, over
the porous region (x/δBL1 = 2.4 and x/δBL1 = 4.4). However,
similar to the findings in Fig. 7, the emergence of a broad-
band peak can be seen at the same frequency region between
f = 100 and 400 Hz (shaded region) for the smaller transducers
spacing distances, ξz of 0.13 δBL1 and 0.45 δBL1 . As discussed
in Sec. IV A, this phenomenon is believed to be due to the
emergence of a strong hydrodynamic field inside the porous
medium. This broadband hump is also seen in the immedi-
ate locations after the test section (x/δBL1 = 5.2) for both the
45 PPI and 25 PPI materials, but dissipating rapidly at the
further downstream locations. At x/δBL1 = 10.2, the γ2p′ip′j of
the boundary layer flow structures begin to behave very sim-
ilar to that of the solid surface [Fig. 9(m)], indicating the
redevelopment of the boundary layer coherent structures.
Figure 10 shows the effect of the porous surface on the
spanwise correlation length (Λp) calculated using Eq. (2),
based on the coherence of the pressure fluctuations collected
using the spanwise transducers. The thick black line shows the
spanwise correlation length for the baseline (solid) case. As
expected, the spanwise correlation length remains very sim-
ilar for the baseline case over x/δBL1 = 2.4–10.2, which is
consistent with the results observed in Figs. 6, 7, and 9. For
the porous 80 PPI case, the correlation length is found to be
much lower than the baseline case over the whole frequency
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FIG. 9. Spanwise coherence between spanwise transducers at x/δBL1 = 2.4 [(a)–(d)], x/δBL1 = 4.4 [(e)–(h)], x/δBL1 = 5.2 [(i)–(l)], and x/δBL1 = 10.2 [(m)–(p)].
ξz/δBL1 = 0.13 (black solid curve), ξz/δBL1 = 0.45 (blue short-dashed curve), ξz/δBL1 = 0.96 (red solid curve), and ξz/δBL1 = 1.68 (green dotted curve). The
shaded areas signify the broadband hump observed in Fig. 7.
range (100 Hz . f . 700 Hz) for the locations over and imme-
diately after the porous section, consistent with the results in
Fig. 9. The spanwise coherence length results in the case of the
porous 45 PPI and 25 PPI surfaces show a higher broadband
hump than that of the solid case in the low frequency range
(.200 Hz), which is also in agreement with the observations
in Figs. 7–9. It is observed that the spanwise length scales for
both the porous cases increase after the porous section and
become very similar to the solid case at x/δBL1 = 10.2. This is
to say that the effects of a porous surface on the large coher-
ent structures seem to have faded away 5δBL1 after the porous
section. It is clear that the porous surface treatment signifi-
cantly changes the coherence and spanwise coherence length
of the surface pressure fluctuations at the low frequency range
and completely eliminates the pressure fluctuations at a high
frequency range, especially for the 25 PPI treated surface case.
B. Surface pressure spatio-temporal
correlation analysis
The spatial and temporal characteristics of the boundary
layer structures can be studied from the space-time correlation
of the wall pressure fluctuations, defined as
Rp′ip′j (ξx, τ) =
p′i (xi + ξx, t + τ)p′j (xj, t)
p′irms (xi)p′jrms (xj)
, (3)
where p′i is the wall pressure signal collected from the pressure
transducer at the location (xi, yi), p′irms is the root-mean-square
of p′i , τ denotes the time-delay between the pressure signals,
ξx is the distance between the transducers in the x-direction,
and the overbar represents the time averaging. Equation (3)
reduces to the temporal autocorrelation, Rp′ip′i (τ), when ξx = 0.
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FIG. 10. Spanwise coherence length at
(a) x/δBL1 = 2.4, (b) x/δBL1 = 4.4, (c)
x/δBL1 = 5.2, and (d) x/δBL1 = 10.2.
Solid (black solid curve), porous
80 PPI (red solid curve), porous 45 PPI
(pink dotted-dashed curve), and porous
25 PPI (blue short-dashed curve).
1. Autocorrelation
The temporal correlation scale is the time taken for the
cross-correlation (Rp′ip′i (τ)) to reach zero, i.e., where max-
imum width of the autocorrelation coefficient is observed,
along the time-axis. Figure 11 shows the temporal autocor-
relations of the surface pressure fluctuations, Rp′ip′i (τ), for
transducers at different axial locations over the porous surface
[p1 (x/δBL1 = 1.2) and p11 (x/δBL1 = 4.4)] and after the porous
surface [p16 (x/δBL1 = 5.2) and p41 (x/δBL1 = 10.6)]. The
presented data are plotted against the normalized time-delay
τU∞/δBL1 .
The Rp′ip′i (τ) results for the solid surface condition show
the largest width of the autocorrelation coefficient at τ∗ = 0
among all the tested cases and that no regions of negative
correlations can be seen, indicating the presence of large-
scale turbulence structures in the pressure field. The results
also show that the autocorrelation signal width increases by
FIG. 11. Autocorrelation of the wall pressure fluctuations as a function of τ∗ = τ U∞/δBL1 . Solid (black solid curve), porous 80 PPI (red solid curve), porous
45 PPI (pink dotted-dashed curve), and porous 25 PPI (blue short-dashed curve).
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moving in the downstream direction (+x) due to the develop-
ment of the turbulence boundary layer and the thickening of
the boundary layer. In general, the autocorrelation results for
the porous cases change significantly over p1 and p11, and
after the porous section (p16) and become almost identical to
that of the baseline case (solid surface) at further downstream
location (p41), i.e., 5.4δBL1 away from the porous section. For
the porous 80 PPI case, it can be seen that the autocorrelation
width at τU∞/δBL1 = 0 is narrower compared to the solid case,
indicating a reduction in the temporal scales of the boundary
layer structures. The results have also shown that there is a sig-
nificant change in the nature of the correlation, where a sharp
decay in the correlation occurs at τU∞/δBL1 = 0 for all the mea-
surement locations over the porous surface, which is believed
to be due to the pressure exerted by the downstream moving
boundary layer turbulence structure at the transducer location.
The autocorrelation curves for the 45 PPI and 25 PPI surfaces,
on the other hand, show a much faster decay at τU∞/δBL1 = 0
and therefore much narrower band than the other two cases,
particularly for the 25 PPI surface at p1 (x/δBL1 = 1.2),
signifying a greater reduction in the temporal scales of the
boundary layer structures. In the case of highly permeable
porous surfaces (45 PPI and 25 PPI), the sharp decay in the
autocorrelation is followed by an area of negative correlation
and semi-periodic oscillation. Unlike the solid and porous
80 PPI surfaces, the results indicate that two potential
mechanisms can be involved in the abrupt changes in the
autocorrelation profiles, namely, (a) the existence of quasi-
periodic hydrodynamic field with the periodicity of τ∗hf
(i.e., τ∗ = τU∞/δBL1 ) and (b) a fast-decaying event at
τU∞/δBL1 = 0. As observed in Figs. 11(a) and 11(b) for
the transducers located on the porous surface, the auto-
correlation exhibits a fast decay at τU∞/δBL1 = 0, similar
to that of the 80 PPI material, which is due to the pres-
sure signature of the downstream moving boundary layer
structures. The autocorrelation result also shows a period-
icity behavior that occurs within 1.5 < τU∞/δBL1  < 5,
which corresponds to the broadband hump frequency observed
in Fig. 7. This quasi-periodic structure, as discussed in
Sec. IV A, is believed to be due to the internal hydrodynamic
field inside the porous medium. The results also show that the
spatially and temporally fast-decaying quasi-periodic hydro-
dynamic field in the case of 45 PPI and 25 PPI materials can
only be seen within a certain axial distance from the porous
section, of about Lp = 40 mm. The effect of porous section
length on the formation of the internal hydrodynamic field
will be further studied in Sec. VI.
Figure 12 shows the space-time correlations results
obtained from the cross-correlation between the reference
transducer downstream of the porous section (p41) and the
upstream pressure transducers positioned along the mid-chord
line. Results are presented for the separation distances ξx/δBL1
of about 0.16–9.44. The left column plots [(a), (c), (e),
and (g)] show the correlation between all the streamwise
transducers, where the black line (ξx/δBL1 = 0) represents
the autocorrelation information of the transducer p41 as the
reference probe, while the different shades of gray curves
show the cross-correlation between the reference probe and
the upstream probes for all the investigated cases. The right
column plots [(b), (d), (f), and (h)] show the space-time
correlation contour plots, where the results are plotted over
the two surface areas, i.e., over and after the porous sur-
face. The dashed line represents the interface between the
porous and solid surfaces (x = 120 mm). An envelope trend
can be clearly seen from the cross-correlation periodicity and
the amplitude variations for all the cases considered in this
study. The cross-correlation Rp′ip′j (ξx, τ) results for the solid
case show that the surface pressure correlations peak at posi-
tive time-delays, i.e., τU∞/δBL1 > 0, indicating the presence
of a downstream-moving hydrodynamic field, travelling in the
direction of the free-stream flow. The results for the solid sur-
face in Fig. 12(a) show that the correlation peaks shift very
quickly in the positive time-delay direction, which indicates
the existence of a long-lasting energy field [Rp′ip′j drop to 0.1
within 10 non-dimensional time (τU∞/δBL1 )] in the pressure
field over the flat plate. A similar but less distinct behavior
can also be observed for the 80 PPI surface case. Finally, in
the case of the 45 PPI and 25 PPI surfaces, the Rp′ip′j (ξx, τ)
results show that the surface pressure fluctuations have slightly
higher correlation and that the correlation peaks shift slowly
(larger time delay) at τU∞/δBL1 ≥ 0 compared to the solid
case, which suggests that the turbulent structures convected in
the downstream direction are primarily dominated by a short-
lived energy field {Rp′ip′j drop to 0.1 within τU∞/δBL1 ≈ 5
[Figs. 12(e) and 12(g)]} in the pressure field over the plate.
The results in Fig. 12 show that as the separation distance
(ξx) between the pressure probes increases, the time-delay of
the maximum value in the cross-correlation (cross-correlation
peak) increases. Hence, based on Taylor’s frozen flow hypoth-
esis, one can obtain the convection velocity, Uc, using the
transducers distance and the maximum value of the cross-
correlation time-delay ([τ U∞/δBL1 ]max) information, i.e.,
Uc = (ξx/δBL1 )/[τ U∞/δBL1 ]max.
The solid line in the contour plots (b), (d), (f), and
(h), passing through the correlation lobe at τ U∞/δBL1 ≈ 0,
whose slope indicates the averaged normalized convection
velocities Uc/U∞. Note that the Uc/U∞ is only determined
from the cross-correlation of the transducers located after the
test section region. The non-dimensional convection veloci-
ties Uc/U∞ obtained from the cross-correlation between the
reference transducer p41 and the upstream transducers are
found to be about 0.8632, 0.8402, 0.7471, and 0.7135 for the
solid, porous 80 PPI, porous 45 PPI, and porous 25 PPI cases,
respectively. As expected, the flow over the solid surface has
the highest convection velocity. By contrast, the convection
velocity for the flow over the 25 PPI porous surface is the low-
est. It can therefore be concluded that the porous surface can
strongly reduce the convection velocity of the boundary layer
structures.
C. Boundary layer velocity-pressure
coherence analysis
The surface pressure and velocity fluctuation coherence
studies at different locations within the boundary layer were
conducted in order to characterize the spatial and temporal
evolution of the coherent flow structures over the solid and
porous surfaces and their role on the pressure field exerted
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FIG. 12. Space-time correlations of wall pressure fluctuations between the streamwise transducers as a function of τU∞/δBL1 and the corresponding
autocorrelation envelops shown by dashed lines.
on the surface. Simultaneous boundary layer flow velocity
and surface pressure measurements were performed at four
locations, namely, p3, p11, and p16 for the flow velocity of
20 m/s. A single wire probe was used, and the data had been
collected between y ≈ 0 mm and 120 mm normal to the wall
at 63 locations above each transducer. To identify the pattern
of the coherent turbulent structures in space, the coherence
between the velocity and surface pressure signals is analyzed
using Eq. (4) as
γ2u′p′( f , ξy) =
|Φ( f , u′, p′)|2
|Φ( f , u′, u′)| |Φ( f , p′, p′)| , (4)
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where Φ( f, u′, p′) denotes the cross-power spectral density
function between the velocity and pressure signals and ξy is
the distance of the hotwire probe from the surface.
Figure 13 presents the coherence between the flow veloc-
ity and the surface pressure fluctuations (γ2
u′p′) measured at
different distances, over the porous section [p3 (x/δBL1 = 2.4)
and p11 (x/δBL1 = 4.4)] and downstream of the porous section
[p16 (x/δBL1 = 5.2) and p41 (x/δBL1 = 10.6)]. The results for the
solid surface case show a strong coherence in the low frequency
region within about 30% of the boundary layer thickness
(0.05 . ξy/δBL1 . 0.45). The velocity-pressure coherence
remains very similar for the solid case over all the loca-
tions measured (x/δBL1 = 2.4–5.2), which is consistent with
results observed in Figs. 6, 7, 9, and 10. The pressure-velocity
coherence results for the case of porous surfaces are much
more complex. The γ2
u′p′ coherence results for the porous
80 PPI surface show a strong coherence trend at low frequen-
cies, similar to that of the solid case, covering the boundary
layer region of about 0.1 . ξy/δBL1 . 0.65, but with a
much lower coherence intensity especially over the porous
section (p11) and immediately downstream of the porous
section (p16). The high coherence intensity area for the
80 PPI case is observed to have moved closer to the wall
compared to that of the solid case, where the frictional forces
are believed to dominate the velocity-pressure coherence,
particularly at x/δBL1 = 2.4. This high coherence peak is
strongly suppressed at the downstream locations (x/δBL1 = 4.4
and 5.2).
The friction-induced high coherence region observed at
the near-the-wall locations is found to exist at all porous sur-
face cases, particularly for the cases with high surface rough-
ness (Ra), i.e., 45 PPI and 25 PPI surfaces. In the case of the
porous 45 PPI surface, a pronounced velocity-pressure coher-
ence reduction can be seen over the porous section (p11), cov-
ering the boundary layer region of about 0.1 . ξy/δBL1 . 0.15,
which occurs only after a certain critical length of the porous
surface. The results for the 25 PPI case, on the other hand,
show a much weaker γ2
u′p′ coherence, covering the boundary
layer region of ξy/δBL1 . 0.1, which is more confined to the
near-the-wall area at p3, p11, and p16 compared to the 45 PPI
case. It can also be seen that a broadband area of high velocity-
pressure coherence appears between f = 100 and 400 Hz at p3
and p11 (over the porous surface), which overlaps the area
of low frequency hump observed in the wall pressure spectra
(Fig. 7). This broadband region is confined within a spatial
domain over the porous surface and dissipates quickly at the
downstream locations. As mentioned earlier, this is believed
to be due to the emergence of a hydrodynamic field inside
the porous medium, which takes place only in the case of
highly permeable porous materials, i.e., 45 PPI and 25 PPI
surfaces. As described earlier in Fig. 11, the emergence of
this hydrodynamic field requires a long enough porous section
FIG. 13. Velocity-pressure coherence,
γ2
u′p′i
, at locations p3, p11, and p16 for
solid, porous 80 PPI, porous 45 PPI, and
porous 25 PPI surfaces.
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to enable the flow penetration into the porous medium. The
effects of the porous section length on the emergence of the
internal hydrodynamic field will be shown and discussed in
Sec. VI.
VI. FLOW PENETRATION CRITICAL LENGTH
The results in Secs. III and IV have shown that the use
of a relatively high permeable substrate can lead to significant
changes to the whole energy cascade of the boundary layer,
reduction in the surface pressure fluctuations at high frequen-
cies, and the emergence of a strong hydrodynamic field inside
the porous medium. The velocity-pressure correlation and
coherence analysis in Sec. V demonstrated that the coherence
and the spanwise coherence lengths of the spanwise flow struc-
tures can be significantly reduced over the porous surface. The
surface pressure spatio-temporal correlation analysis, on the
other hand, showed that a quasi-periodic hydrodynamic field
may emerge within porous media with high permeability and
that the spanwise coherence length of the convected flow struc-
tures can reduce significantly. It is clear from the results that
the boundary layer flow penetration into the porous medium
has a strong influence on the above-mentioned effects. Hence,
in order to allow a proper flow penetration, it is necessary for
the flow to remain in contact with the porous medium over
a long enough porous section. All the results presented pre-
viously were obtained for porous sections with a streamwise
length of Lp = 4.8δBL1 (Lp = 120 mm). Further experiments
have been conducted for the highly permeable porous materi-
als (45 PPI and 25 PPI) with different streamwise lengths Lp
with the incremental lengths of 5 mm (0.2 δBL1 ), to investigate
the effect of the porous section length on the above-mentioned
phenomena. The shorter porous inserts are placed toward the
end of the cavity section, while the upstream cavity between
x = 0 and the porous section is filled with a solid plate of
appropriate length and depth of 20 mm. For clarity, the length
of the new porous sections is defined as Lpx in this section.
The results are only presented for some selected streamwise
lengths, namely, Lpx/δBL1 = 4.8 (120 mm), 3.2 (80 mm), 1.6
(40 mm), 0.8 (20 mm), and 0.6 (15 mm), for the sake of
brevity.
The effect of the porous section length is analyzed using
the power spectral density of the wall surface pressure results
(φpp) at x/δBL1 = 4.4 (p11) for the 45 PPI and 25 PPI materials,
as presented in Fig. 14. Results are presented for five porous
section lengths and also for the solid surface (circle marker).
It is observed that the emergence of the localized broadband
hump, previously shown in Figs. 7 and 11, is very sensitive to
the length of the porous section. It can be seen clearly that the
broadband hump emerges only for the porous sections with a
streamwise length of Lpx > 1.6δBL1 . It is also apparent that the
frequency associated with the broadband hump changes with
the porous section length and that the localized broadband
hump shifts to higher frequencies with decreasing the porous
section length (Lpx).
Finally, a thorough study on the surface pressure autocor-
relation and the velocity-pressure coherence has been carried
out to investigate and better understand the emergence of
the internal hydrodynamic field and its relationship with the
porous treatment length (Lpx). The autocorrelation and the
velocity-pressure coherence (γ2
u′p′) results for the p11 trans-
ducer (x/δBL1 = 4.4), where a significant effect on the boundary
layer flow-porous interaction is observed, are shown in Figs. 15
and 16 for the 45 PPI and 25 PPI cases, respectively. Results are
presented for different porous treatment lengths. The surface
pressure autocorrelation results for the solid surface (circles)
are also given for comparison. The autocorrelation results for
all the porous surfaces confirm again that there exists a critical
length for the emergence of the quasi-periodic hydrodynamic
field within the porous medium. The quasi-periodic internal
FIG. 14. Wall pressure fluctuations with different porous 45 PPI and 25 PPI lengths at x/δBL1 = 4.4 (p11). Solid (circle marker), Lpx/δBL1 = 4.8 (blue solid
curve), Lpx/δBL1 = 3.2 (green solid curve), Lpx/δBL1 = 1.6 (red short-dashed curve), Lpx/δBL1 = 0.8 (blue dotted curve), and Lpx/δBL1 = 0.6 (pink dotted-dashed
curve).
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FIG. 15. Autocorrelation of the wall
pressure fluctuations with different
porous 45 PPI surface lengths and
its velocity-pressure coherence (γ2
u′p′ )
results at x/δBL1 = 4.4 (p11).
FIG. 16. Autocorrelation of the wall
pressure fluctuations with different
porous 25 PPI surface lengths and
its velocity-pressure coherence (γ2
u′p′ )
results at x/δBL1 = 4.4 (p11).
hydrodynamic field for the long porous treatments for both
the 45 PPI and 25 PPI cases, particularly for the cases with
Lpx/δBL1 > 1.6, reveals itself as (a) a fast decaying oscillation
within 1.5 < τ U∞/δBL1  < 5 in the pressure autocorrela-
tion results, in agreement with the results observed in Fig. 7,
and (b) a high coherence broadband region near the surface in
the pressure-velocity coherence results. The velocity-pressure
coherence results also confirm the suppression of the coherent
flow structures and the emergence of a broadband hump for
the long porous surfaces.
VII. CONCLUSION
The use of porous treatments for flow control and suppres-
sion of aerodynamic noise at the source has been the subject
of many studies in the past. With regard to the noise abate-
ment applications, while most recent attention has focused on
the reduction of the far-field noise from bluff-bodies and aero-
foils using porous treatments, the near-field studies have shown
that the changes to the boundary layer flow structures by the
porous media are key to the success of the porous treatment as
a passive method. This paper presents the results of an exper-
imental investigation into the turbulent boundary layer flow
interaction with a rough permeable wall on a long flat plate.
Despite its simplicity, the experimental test-rig used in this
study enables a large variety of different flow-porous interac-
tion studies, such as the surface roughness, flow penetration,
porous-flow viscous interaction, and hydrodynamic absorption
effects of the porous media. Results have shown that the use
of porous surface treatments leads to an increase in the energy
content of the velocity fluctuations near the surface and a more
rapid energy cascade within the boundary layer. The surface
pressure PSD results have also shown that the porous surface
treatment causes an increase in the overall pressure exerted on
the surface. The near-field studies have shown that the pene-
tration of the boundary layer flow into the highly permeable
porous media can generate an internal hydrodynamic field,
which can, in turn, reduce the frequency-energy content of the
large boundary layer coherent structures and their spanwise
correlation length. Results have also shown that a relatively
long porous section is required to enable flow penetration
inside the porous substrate. Moreover, it has been observed that
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the existence of the quasi-periodic hydrodynamic field inside
the porous medium and the reduction in the velocity-pressure
coherence over the porous surface are inter-related and depen-
dent on the effective length of the porous section. In addition to
the direct application of the outcomes of this study to the field
of aeroacoustics and development of bespoke aerodynamic-
noise control techniques, the data can also be useful in other
fields, such as aerodynamics of low drag surfaces, heat transfer
of porous media, etc.
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